Optical and magneto-optical properties of YVO 3 single crystal were studied in the far-infrared, visible, and ultraviolet regions. Two structural phase transitions at 75 K and 200 K were observed and established to be of first and second order, respectively. The lattice has an orthorhombic Pbnm symmetry both above 200 K as well as below 75 K and is found to be either dimerized monoclinic Pb11 or triclinic P1 in between. We identify YVO 3 as a Mott-Hubbard insulator with an optical gap of 1.6 eV. The visible spectrum shows three d-band excitations at 1.8, 2.4, and 3.3 eV, followed by charge-transfer transitions at about 4 eV. The observed structure is in good agreement with LSDAϩU band structure calculations. By using ligand field considerations, we assigned these bands to the transitions to the 4 A 2g , 2 E g ϩ 2 T 1g , and 2 T 2g states. The strong temperature dependence of these bands is in agreement with the formation of orbital order. Despite the small net magnetic moment of 0.01 B per vanadium, a Kerr effect of the order of 0.01°was observed for all three d bands in the magnetically ordered phase (T Néel ϭ116 K). A surprisingly strong enhancement of the Kerr effect was found below 75 K, reaching a maximum of 0.1°. This effect is ascribed to the nonvanishing net orbital magnetic moment.
Optical and magneto-optical properties of YVO 3 single crystal were studied in the far-infrared, visible, and ultraviolet regions. Two structural phase transitions at 75 K and 200 K were observed and established to be of first and second order, respectively. The lattice has an orthorhombic Pbnm symmetry both above 200 K as well as below 75 K and is found to be either dimerized monoclinic Pb11 or triclinic P1 in between. We identify YVO 3 as a Mott-Hubbard insulator with an optical gap of 1.6 eV. The visible spectrum shows three d-band excitations at 1.8, 2.4, and 3.3 eV, followed by charge-transfer transitions at about 4 eV. The observed structure is in good agreement with LSDAϩU band structure calculations. By using ligand field considerations, we assigned these bands to the transitions to the 4 A 2g , 2 E g ϩ 2 T 1g , and 2 T 2g states. The strong temperature dependence of these bands is in agreement with the formation of orbital order. Despite the small net magnetic moment of 0.01 B per vanadium, a Kerr effect of the order of 0.01°was observed for all three d bands in the magnetically ordered phase (T Néel ϭ116 K). A surprisingly strong enhancement of the Kerr effect was found below 75 K, reaching a maximum of 0.1°. This effect is ascribed to the nonvanishing net orbital magnetic moment. 
I. INTRODUCTION
The interplay between the kinetic energy and Coulomb interaction in strongly correlated electron systems enables small external or internal perturbations to manipulate the electronic and magnetic properties of matter. If, in addition, there is a ground-state degeneracy, further interesting phenomena, like an orbital ordering, can arise. 1 In yttrium orthovanadate, YVO 3 , spin and orbital ordering was suggested to be responsible for at least one of the temperature-induced sign reversals of the magnetization. 2 In the magnetically ordered phase, YVO 3 is a canted antiferromagnet, where a net ferromagnetic moment arises due to a small angle between the antiferromagnetically ͑AFM͒ oriented spins of the V 3ϩ ions. The transition from the roomtemperature paramagnetic phase to the antiferromagnetic state occurs at the Néel temperature T N ϭ116 K. Upon further lowering the temperature, the magnetic moment gradually changes sign around 90 K. It has been argued that this magnetization reversal is due to the opposing effects of the Dzyaloshinsky-Moriya interaction and the single-ion magnetic anisotropy on the spin canting direction. 2 The magnetization switches sign again around 77 K. At this temperature the antiferromagnetic order changes from high-temperature C type to low-temperature G type. 3 A C-type AFM order corresponds to an AFM arrangement in planes and a ferromagnetic arrangement between the planes. A G-type AFM order implies a completely antiferromagnetic arrangement, both within planes and between them. Ren et al. 2 argued that along with the spin order ͑SO͒ there is an orbital order ͑OO͒ on the vanadium sites. According to the proposed picture, one of two 3d electrons always occupies the xy orbital, while another electron occupies alternatingly either the xz or yz orbital on different atoms, thus forming orbital order. In order to minimize the exchange energy a C-type spin order is accompanied by a G-type orbital order and vice versa. The onset temperature of the orbital order was reported to be much higher than the Néel temperature, T OO ϭ200 K. 4 The proposed picture of the electronic structure still requires confirmation from, for instance, spectroscopic experiments. The strength of optical transitions involving a charge transfer between orbitals of different ions should be highly susceptible to the orbital order between ions. Indeed, one of the aims of the present research is to study the influence of orbital ordering on optical transition strengths and use this technique to study orbital ordering in YVO 3 . In this paper we present, among others, optical and magneto-optical measurements of electronic excitations in YVO 3 single crystals.
The observed electronic spectra are discussed using ligand field theory considerations and compared to LDAϩU calculations. In addition, magneto-optical Kerr effect experiments are used to elucidate the spin orientation.
The crystal structure of YVO 3 was initially reported to have an orthorhombic Pbnm (D 2h 16 in Schoenflies notation͒ symmetry at all temperatures. 5, 6 Recent synchrotron measurements 4, 7 report the observation of an additional ͑401͒ reflection below 200 K, inconsistent with the Pbnm symmetry. The authors concluded 4 that the crystal structure was most likely P2 1 /a, the highest-symmetry subgroup of Pbnm. However, the intensity of the Pbnm forbidden reflection was four orders of magnitude weaker than the allowed reflection, 4 which made the refinement of the x-ray data difficult. Far infrared ͑FIR͒ spectroscopy is a very sensitive tool to study crystal structure variations. Minor atomic displacements leading to a symmetry breaking, which may be difficult to elicit from x-ray analysis, manifest themselves through the appearance of new phonon lines in the FIR spectrum. Recently, Ulrich et al. 8 proposed that YVO 3 may be subjected to a new sort of Peierls instability, where the new ground state involves a dimerization along the c axis. From the crystallographic and optical points of view this dimerization removes the inversion center, and IR-and Raman-active phonons become mixed. The a-axis-polarized modes stay nevertheless independent from the b-or c-axis modes if the dimerization affects only the c axis. We use FIR vibrational spectroscopy to follow temperature-induced variations of the phonon spectrum and to refine the crystal structure of YVO 3 .
II. EXPERIMENTAL DETAILS
The samples were made in a two-stage process. In the first stage a polycrystalline powder of YVO 3 was prepared from YVO 4 powder. The YVO 4 powder was produced by a hightemperature solid-state reaction from appropriate mixtures of predried Y 2 O 3 ͑99.998%͒ and V 2 O 5 ͑99.995%, metal basis͒. The oxygen in YVO 4 was reduced by annealing the powder in a flow of pure H 2 at 1000°C. The second crystal growth stage was carried out by the floating zone technique using a four-mirror furnace in a flow of Ar gas. 9 Single-crystalline boules of about 6 mm in diameter and 60-70 mm in length were obtained from the growth. The crystallinity of the boule used in our experiments was checked by Laue x-ray diffraction. The elemental composition of the crystal was checked using an electron probe microanalyzer ͑EPMA͒, and the results showed that the molar ratios were given by Y:V:O ϭ1.00:1.00:3.02. A separate check of the composition using a chemical analysis method showed that the cation ratio of Y over V was 1.00Ϯ0.01 and that the oxygen stoichiometry was 3.03Ϯ0.02. Both results are in good agreement.
The dielectric function for near-infrared, visible, and ultraviolent spectral ranges was obtained directly by using ellipsometry. Because ellipsometric measurements are very sensitive to contamination of the surface, we used an ultrahigh-vacuum cryostat with a residual pressure less than 10 Ϫ8 mbar. The cryostat was specially designed to minimize the movements of the sample due to the thermal expansion of the cold finger. To minimize the mechanical stress on the windows, the latter were mounted on long stainless steel tubes. The windows were proved to give no artificial effects on the measured spectra at room temperature. The spectra were measured with a VASE32 ellipsometer from J. A. Woollam Co., Inc., covering a spectral range from 6000 cm Ϫ1 to 36 000 cm Ϫ1 ͑0.75-4.5 eV͒. During the measurements, the samples were aligned in such a way that crystallographic axes were parallel to the normal of the plane of incidence (y direction͒, the normal of the sample surface (z direction͒, and the intersection of these two planes (x direction͒, respectively. Such a symmetrical arrangement simplifies the calculations of the dielectric tensor. 10 The optical response is mainly determined by the x component of the tensor. We performed the measurements on a set of samples, where all three crystallographic axes were successively aligned along the x direction. Inversion of the ellipsometric data in the assumption of an isotropic sample gives a very good initial approximation for the x component of the dielectric tensor. Further refinement of the dielectric tensor is done by an iterative procedure.
Far-infrared and midinfrared reflectivity spectra were measured by Fourier transform infrared reflection spectroscopy using a Bruker IFS-113v. The intensity of the reflected light from the sample was referenced to that from a gold mirror for every measured optical surface at each polarization. The sample was mounted on the cold finger of a helium flow cryostat, whose temperature was varied from 300 K down to 4.2 K. Kramers-Kronig transformation was used to calculate the dielectric function and optical conductivity from the reflectivity data in the infrared region. For these calculations we extrapolated the reflectivity below 50 cm Ϫ1 with a pure ionic insulator response. For the high-frequency extrapolation we used the reflectivity calculated from the ellipsometric data.
The magneto-optical properties were measured using a homebuilt Kerr spectrometer. We used an electro-optical modulation technique, similar to Ref. 11 , to obtain simultaneously the Kerr rotation and ellipticity induced by the sample. The combination of a xenon arc lamp, the windows, a Si detector, and other optical components limited our spectral range to 350-800 nm ͑1.55-3.5 eV͒.
III. STRUCTURAL PHASE TRANSITIONS
The orthorhombic Pbnm crystal structure of YVO 3 is shown in Fig. 1 . It can be considered as a distorted perovskite structure. When compared to the perovskite unit cell, the orthorhombic a and b axes lay along the diagonals of the perovskite unit cell and the corresponding translational vectors are approximately ͱ2 times longer. The c-axis dimension of the orthorhombic unit cell is twice as large. The YVO 3 unit cell contains thus four formula units. Vanadium ions have an octahedral surrounding. The octahedrons are distorted, rotated, and tilted with respect to each other, as illustrated in Fig. 1 .
In the present work we use optically active phonons to track changes in the crystal symmetry. As yttrium orthovanadate is an insulating compound, its optical response in the FIR region is determined purely by lattice vibrations. In Fig. 2 the room-temperature reflectivity for all three polarizations is shown together with the optical conductivity. As can be seen, there are nine, nine, and seven optically active modes for the a, b, and c axes, respectively. The positions of the TO phonon frequencies are shown by vertical lines and the frequencies are given in Tables I and II . Some resonances are very weak. For example, the mode of highest frequency for the c axis is hardly visible in the conductivity and appears as a shoulder on the reflectivity curve. It gains intensity as the temperature is lowered and reaches its maximum in the lowtemperature orthorhombic phase. Shown in Fig. 3 is the temperature dependence of the reflectivity for all three polarizations. The number of the phonons stays the same between room temperature and 200 K. Below 200 K a number of additional phonons gradually emerge. We illustrate this by picturing some of the new modes for the b and c axes in Fig.  4 . As can be seen from the figure, the intensity of the new modes evolves continuously and monotonically as the temperature decreases, reaching its maximum at 75 K. The optical strengths remain, however, one or two orders of magnitude weaker than that of the original main modes. Below 75 K the new phonons discontinuously disappear. As an example, the temperature dependence of the oscillator strength of the new 522 cm Ϫ1 mode is shown in Fig. 4 . To analyze the observed phonon spectra, we apply a group theory analysis. The primitive cell of YVO 3 contains four formula units, yielding 60 phonon modes in total. In the Pbnm lattice the four yttrium atoms and four vanadium atoms occupy equivalent sites 4c and 4b in Wyckoff notation with site symmetry C s xz and C i , respectively. The 12 oxygen atoms are distributed between two inequivalent sites 4c and 8d with site symmetry C s xz and C 1 , respectively. Using the usual procedure, 12 we find that the phonon normal modes transform according to ⌫ϭ7A g ϩ8A u ϩ5B 1g ϩ10B 1u ϩ7B 2g ϩ8B 2u ϩ5B 3g ϩ10B 3u .
The total representation ⌫ can be subdivided into three acoustic vibrational modes B 1u ϩB 2u ϩB 3u , 24 Ramanactive modes 7A g ϩ5B 1g ϩ7B 2g ϩ5B 3g , eight silent A u A similar group theory analysis is applied to the lowersymmetry structures P2 1 /a, P1 , and Pb11, which are subgroups of the Pbnm symmetry. Table III illustrates which symmetry elements are inherited in different symmetries. We also show the relation between the widely used notation Pbnm, adopted also in this paper, and the standard notation Pnma. The monoclinic P2 1 /a symmetry is postulated from x-ray measurements. 7 The triclinic P1 symmetry, second highest possible symmetry after P2 1 /a, was proposed by us based on indications that the center of inversion is conserved.
13 Both x-ray 7 and optical 13 measurements show that the symmetry cannot be higher than monoclinic. Recent neutron experiments indicated the possibility of a dimerized state. 8 Dimerization displaces the middle VO 2 plane ͑see As the x-ray measurements do not reveal any multiplication of the unit cell, 4 the number of atoms in the unit cell is not changed. For monoclinic P2 1 /a (C 2h 5 ) symmetry group one expects 16B u IR-active and 2 acoustic modes in the bc plane and one acoustic and 17A u IR modes along the a axis. In the case of triclinic P1 (C i 1 ) symmetry, there should be 33A u IR modes, which can have components along all three axes. Monoclinic Pb11 (C s 2 ) symmetry splits phonons into two irreducible representations 30AЈ(E͉͉bc)ϩ30AЉ(E͉͉a), where Raman and IR modes are mixed. How the phonon mode irreducible representations transform into each other due to the descent in symmetry is depicted in Fig. 5 . Both monoclinic C 2h 5 and triclinic C i 1 crystal lattices have an in- . Similar, Raman B g modes can be observed in the a-axis response together with IR A u modes 12B g ϩ18A u →30AЉ. An important difference between P1 and Pb11 symmetries is that in P1 the same modes can be observed in all three polarizations, while in Pb11, a eigenmodes on one side and b and c eigenmodes on the other side remain separate.
At room temperature we observed nine, nine, and seven phonons for the a, b, and c axes, respectively ͑see Fig. 2͒ . The TO phonon frequencies , broadening ⌫, and optical strength S are presented in Tables I and II. Our observation confirms the orthorhombic Pbnm symmetry of the crystal lattice at room temperature. At lower temperatures, as far as the crystal structure is concerned, we can conclude from Fig.  4 that the Pbnm symmetry is transformed to a lower one below 200 K and is restored again below 75 K. The temperature evolution of the optical strength of the new phonons indicates that the phase transition at 200 K has a secondorder nature and that the one at 75 K has a first-order nature. Shown in Table II Table II͒ . This could imply that the triclinic distortions are extremely small, in particular for the a axis. However, the Pb11 symmetry gives a more natural explanation, as it keeps the a and bc modes apart, consistent with the observation. All in all, these facts draw us to the conclusion that the crystal structure of YVO 3 in the intermediate phase most likely has a monoclinic Pb11 symmetry. A further test of this conclusion could be a comparison to Raman measurements, when data become available.
Finally, we remark on the relation between the electronic and crystal structure changes. From Fig. 6 one can see that the main modes evolve smoothly through the second-order phase transition, where the appearance of orbital order is reported. 4, 7 However, a number of phonon frequencies change substantially at the first-order phase transition, where spins and orbitals switch their ordering. The frequency change is found to be particularly strong for the modes around 400 cm Ϫ1 . From lattice dynamical calculations 14 for the isostructural compound LaMnO 3 we conclude that the 400 cm Ϫ1 modes mainly involve vanadium-oxygen bond vibrations. Therefore, it seems that the main structural changes at the first-order transition involve a distortion of the VO 6 octahedra.
IV. ELECTRONIC STRUCTURE
The yttrium Y 3ϩ and vanadium V 3ϩ ions in YVO 3 both carry a formal charge 3ϩ. Yttrium has a complete shell, and it can be excluded from consideration for the electronic transitions. Vanadium has two 3d electrons in the outer shell. We can thus expect two types of optical transitions in the visible range: d-d transitions between vanadium ions with the characteristic energy of the Mott-Hubbard gap ͓Mott-Hubbard ͑MH͒ transitions͔ and the charge-transfer ͑CT͒ transitions from the oxygen 2p band to the free states in the vanadium 3d band.
Shown in Figs. 7 and 8 are the real and imaginary parts of the YVO 3 dielectric function, ϭЈϩiЉ, measured at various temperatures. The optical response at low temperatures is determined by three bands with their maxima located at 1.8, 2.4, and 3.3 eV, followed by a sharp upturn above 4 eV. The optical gap is found at 1.6 eV. It is quite remarkable to observe that the intensity of some bands, located in the region of a few electron volts, changes by as much as 50% for temperature variations as small as k B Tр26 meV. Recently Miyasaka et al. 15 reported reflectivity measurements on YVO 3 , where the optical conductivity, obtained through the Kramers-Kronig relations, revealed only two peaks. Also the temperature dependence and the reported anisotropy of the conductivity were different. Since Љ is approximately 5 times smaller than Ј in the visible part of the spectrum, the reflectivity is mainly determined by the real part of . The d-band structure in Ј and Љ gives rise to reflectivity variations of only a few percent and the temperature-induced changes of the reflectivity are around 1% or less. This together with the close vicinity of the strong charge-transfer transitions places heavy demands on the accuracy of the measurements. A small error can substantially affect an interpretation of the electronic spectrum. Therefore, we used the ellipsometry technique to determine Ј and Љ directly at each particular photon energy, excluding the necessity of reference measurements. In addition we took special precautions to perform measurements in ultrahigh vacuum in order to avoid surface contamination at low temperatures. We trust that these measures substantially minimize a possible error.
Let us first discuss the origin of the bands. Following the general classification scheme, 16 between different vanadium ions, i and j. The upturn above 4 eV is due to charge-transfer excitations. This general picture also follows from our LSDAϩU calculations and agrees with previous room-temperature measurements. 17, 18 The fine structure of the MH band observed here has not been reported previously and will be discussed using ligand field theoretical considerations and LSDAϩU calculations.
Because the orthorhombic distortion of the oxygen octahedron is small, we can neglect any on-site d-d excitations. For the same reason we can, considering the energy diagram, restrict ourselves in the first approximation to O h symmetry on the vanadium site. The e g orbitals can be excluded, because due to the large crystal field splitting, 10Dq, the mixing between e g and t 2g orbitals is expected to be small. Thus, in the strong-field approximation the two d electrons occupy t 2g orbitals.
If we take into account the Coulomb interaction, the t 2g level is split into 3 T 1g , 1 E g , 1 T 2g , and 1 A 1g levels, as shown in Fig. 9͑a͒ Fig.  9͑b͒ . The three observed bands in Fig. 7 correspond to transitions to these three energy levels. According to the measurements, these bands span the energy range of 1.5 eV from 1.8 eV to 3.3 eV. With the crystal field splitting of 10Dq Ϸ2 eV, our assumption of a small admixture of e g orbitals is justified.
The picture obtained with the ligand field theory is in good agreement with our LSDAϩU calculations. LSDAϩU band structure calculations have been performed in the linear muffin-tin orbital ͑LMTO͒ calculation scheme. 19, 20 Vanadium 3d partial densities of states were obtained in the LDAϩU calculation with Uϭ3.4 eV and Jϭ0.85 eV for the low-temperature crystal and magnetic structure of YVO 3 .
The results are consistent with previous calculations of the electronic structure. 21 As can be seen from the electron density of states in Fig. 10 , the highest occupied states form a narrow d band, with both electrons in a spin-up state. The AFM-ordered neighboring vanadium ion should accordingly be in a spin-down state. The lowest unoccupied band corresponds to the addition of an electron with spin up. This agrees with the lowest excited 4 A 2g state, which indeed puts electrons in the high-spin state Sϭ3/2. Two consequent excitation bands are formed by the transfer of spin-down electrons, again in agreement with the low Sϭ1/2 spin states in the 2 E g , 2 T 1g , and 2 T 2g representations found from the ligand field theory. Higher electron-addition bands with equal spin-up and spin-down populations have an e g origin. From the energy distribution of the bands in Fig. 10 one can see that YVO 3 is indeed a Mott-Hubbard insulator. 16 The lowest excitations are
The temperature dependence of the optical response of YVO 3 is shown in Figs. 7 and 8 . There is only a small temperature dependence between 70 K and 5 K, as can be seen in Fig. 8 , and the corresponding data are omitted in the further consideration. To clarify the temperature dependence of the MH bands, Fig. 11 shows a differential dielectric function for E͉͉b, where the 250 K data are subtracted from the curves in Fig. 7 . In order to quantify temperature variations of the optical strength of the bands, we fitted simultaneously the real and imaginary parts. The differential dielectric function turned out to be well fitted with three Gaussians in the imaginary part and with its Hilbert transform, the Dawson function, in the real part. The fitted curves for 80 K are shown along with the experimental data in Fig. 11 . The full dielectric function shown in Fig. 7 was also fitted in the same way, but an additional fourth Gaussian was necessary to account for the CT band. In this way the position of the bands was confirmed to be temperature independent. However, it was not possible to determine accurately the absolute optical strength of the MH bands due to an additional non-Gaussian contribution. It was also impossible to determine the position of the 3.3 eV band at high temperatures because of its vanishing presence in the spectra. The band positions and optical strengths obtained from the fits are plotted in Fig. 12 . The dielectric function reveals minimal variations between room temperature and the second-order structural phase transition at 200 K. Below 200 K a strong growth of the 3.3 eV band is observed, which is accompanied by a decrease of the 1.8 and 2.4 eV bands. The total integrated change of the optical strength of these MH bands remains virtually zero down to the Néel temperature T N ϭ116 K. In the magnetically ordered state the 3.3 eV band acquires additional strength. The additional spectral weight transfer should come from higher energies, most probably from the e g states, as the decrease of the low-energy bands cannot account for it. Indeed, the lowest-energy state in the t 2g 2 e g configuration is obtained by adding an e g electron to the ground state 3 T 1g . Four irreducible representations, 4 T 1g , 4 T 2g , 2 T 1g , and 2 T 2g can be formed from this configuration, where the latter representation descends also from the t 2g 3 configuration. Antiferromagnetic order favors transitions to the low-spin states and thus gives additional optical strength to the 2 T 2g state. At the first-order phase transition, the optical strength of the 2.4 and 3.3 eV bands experiences jumps in opposite directions. Additionally, as can be seen in Fig. 11͑a͒ , a new shoulder emerges at around 2.7 eV. This appears in Fig. 7 as an extended flat region, which becomes visible probably due to the narrowing of the 3.3 eV band. However, its optical strength is very small.
The optical spectrum begins to change below the secondorder phase transition at 200 K. These changes cannot be directly related to the lower symmetry as the 3.3 eV band does not disappear in the low-temperature orthorhombic phase. The reason should rather come from some electronic correlations and associated distortions of the VO 6 octahedrons. Ren et al. 2 suggested that the spin order in YVO 3 is accompanied by an orbital order. The orbital order is reported to appear below the 200 K phase transition. 4, 7 In the proposed picture for the orbital ordering, the xy orbitals are always occupied by one of the two d electrons, while the occupation of the xz and yz orbitals alternates in an AFM order. The orbital order was found to be different above and below 77 K in agreement with the different magnetic order. According to Ren et al., 2 there is a C-type magnetic and G-type orbital order above 77 K and a G-type magnetic and C-type orbital order below 77 K.
We now turn to a discussion of how orbital and magnetic ordering influences the optical conductivity. We consider a model where the optical conductivity is proportional to the electron transition probability between two neighboring vanadium sites. There are in total nine independent eigenfunctions in the 3 T 1g representation. At room temperature the electron transition probability can be calculated by averaging over arbitrary orientations of spins and orbits on two ionsi.e., by averaging over all linear combinations of these nine wave functions. Magnetic or orbital order limits the choice of initial wave functions. At lower temperatures we can expect that the electron transition from the Sϭ1 state on the first ion to the Sϭ3/2 state on the other ion becomes less probable due to the antiferromagnetic order. Thus, the intensity of the lowest band should decrease. As can be seen from Figs. 7 and 11, the optical strength of the lowest band indeed decreases upon cooling. By using a more rigorous analysis of the transition probabilities, we can evaluate if a particular order is consistent with the observed temperature dependence of (). In this analysis we neglect the tilting of the octahedra and assume that the transition integrals between d orbitals on the neighboring vanadium ions are the same for all directions and for all d orbitals. The conductivity is assumed to be determined by the probabilities to create a pair consisting of an occupied orbital on one site and an empty orbital on the neighboring site, with the constraint that the transition be allowed. The intersite d-d transitions are mediated by the p orbitals of the oxygen ions between the vanadium sites. At room temperature all 3 T 1g states are occupied randomly. At lower temperatures we used the magnetic and orbital order, suggested above. 2 If we assume the transition integral from completely occupied to completely empty orbital as unity, then the transition probabilities at room temperature are found to be 0.49, 0.84, and 0.44 for the 4 A 2g , 2 E g ϩ 2 T 1g , and 2 T 2g final states, respectively. We also calculated the transition probabilities for AFM spin order and for AFM spin order accompanied by the aforementioned orbital order ͑see Table IV͒ . Both simple AFM-SO and AFM-SOϩOO lead to a decrease of the lowest band and an increase of the intensity of the highest band, consistent with the observations. However, none of the considered orderings gives the correct sign for the intensity change for the middle band-i.e., a decrease of strength with decreasing temperature. Moreover, we found that no combination of completely polarized states (S z ϭ1) can give the desired intensity decrease for the 2 E g ϩ 2 T 1g band. The same conclusions hold if the on-site symmetry is lowered to tetragonal. If some addition of the S z ϭ0 initial wave function is allowed, as suggested by neutron measurements, 4 a large variety of possible orbitally ordered structures becomes allowed. Although different orbital orderings can indeed explain the observed intensity changes, it is not possible to give a preference to a particular order.
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V. MAGNETO-OPTICAL KERR EFFECT
The energy diagram shown in Fig. 9 was derived assuming a local cubic symmetry on the vanadium site. In reality, one axis of the octahedron is different from the other two. This tetragonal-type distortion additionally splits the multiplet structure, which partially lifts the degeneracy of the ground and excited states. On top of that, a spin-orbital coupling provides segregation of the states by the quantum number M J . The latter gives rise to the magneto-optical Kerr effect ͑MOKE͒. The temperature dependence of the Kerr rotation spectrum ⌰ K (E) is shown in Fig. 13 . The curves are shifted for clarity. The measurements were performed in the polar geometry at nearly normal angle of incidence, with a magnetic field of 0.1-0.2 T parallel to the a axis, H͉͉a. In the other field orientations, the magnetic moment was too small for the Kerr rotation to be detected. No rotation of the polarization plane was observed above the Néel temperature within our experimental error. Below the Néel temperature but above the first-order phase transition, only a weak structure of the order of ⌰ K Ϸ0.01°can be seen. Below 75 K a remarkable peak as large as ⌰ K ϭ0.1°is observed. In total, there are three resonance structures. Enlarged in the inset of Fig. 13 are two surprisingly narrow dispersion-type resonances at 1.8 and 2.2 eV that have positions approximately corresponding to the onset of the two first MH bands. Their intensity, though rather small ϳ0.01°, is well reproduced on different samples. The third broad peak appears to have maximum at 3.5 eV, which is also confirmed by the zero crossing of the Kerr ellipticity K (E). This band lies below the charge-transfer onset and corresponds to the d-d transitions. The maximum rotation in this band amounts to ϳ0.1°. Such a large magneto-optical effect seems to be quite surprising, because from the electrodynamics point of view the time-reversal symmetry, although broken on the microscopic scale, is usually restored on the macroscopic scale in antiferromagnetic compounds. If this indeed were the case in YVO 3 , the Kerr rotation would mainly result from the small 0.2°spin canting and would be as minuscule as the net magnetic moment is. For comparison, the saturation magnetic moment in Ni is 0.61 B per atom-i.e., approximately 60 times larger that the net moment of 0.01 Bohr magneton per vanadium atom in YVO 3 . Still the Kerr rotation in Ni is quite comparable to those of the low-temperature phase of YVO 3 and lies between 0.1°and 0.2°in the visible range.
Antiferromagnetic compounds can have large magnetooptical effects, as was shown recently, 23, 24 if the local spin and orbital magnetic moments are not collinear. In particular, an orbital magnetic moment does not vanish in transitionmetal perovskites with the Pbnm structure due to the tilting of the octahedra. 25 We can find nonvanishing ferromagnetic components of the net orbital magnetic moment M L from symmetry considerations, following the guideline and notations from Ref. 25 . There are four inequivalent vanadium sites iϭ1,2,3,4 in the YVO 3 unit cell. These sites can be generated by four symmetry transformations, unity operation E, and three screw axes, S 2x with the shift ( determines the orbital magnetic moment induced by the spinorbit interaction. We apply the mentioned symmetry operations to the matrix
for the C-and G-type spin ordering, respectively:
The corresponding net orbital magnetic moments are
The orbital magnetic moment M L has the same symmetry as the gyration vector g, 26 which determines the antisymmetric part of the dielectric tensor, ␣␤ a ϭie ␣␤␥ g ␥ , responsible for mageto-optical effects. 27 Here e ␣␤␥ is the unit antisymmetric tensor. In the polar measurement geometry discussed here, components of the vector g ␣ and, correspondingly, components of M L define the orientation of the magnetic field H for which observation of Kerr effect is possible.
For the G-type spin order, the structure of M L G suggests that the polar Kerr effect can exist for H͉͉a if spins are parallel to the c axis and for H͉͉c if spins are aligned along the a axis. If the spins are along the b axis, M L G and the corresponding Kerr effect are zero. This does not exclude the possibility for the second, weaker, type of Kerr effect, which is directly related to the spin canting. It should be emphasized here that Kerr rotation due to orbital magnetic moments can exist even if the spins are exactly antiferromagnetically aligned. 25 Our observation of a substantial magneto-optical effect only for H͉͉a shows that spins in the low-temperature phase of YVO 3 are aligned along the c axis.
This agrees with neutron scattering measurements. 4 The weak structure at 1.8 and 2.2 eV is most probably the spin canting effect.
The C-type spin order as seen from the M L C angular dependence allows a magneto-optical activity, only if spins are aligned in the ab plane. The small magnitude of the experimentally observed MOKE above 80 K compared to the lowtemperature phase suggests that the spins are aligned along the c axis. In this case, M L C is zero for any orientation of H, and the Kerr effect substantially decreases, in agreement with our experimental observations. This result contradicts the neutron data, where a substantial spin component along the b axis is observed 4 . This, however, can reflect another important property of YVO 3 . As was shown in Ref. 28 , G-type antiferromagnetic orbital order in the form proposed by Ren et al. 2 suppresses the orbital magnetic moment. This can be the reason why no substantial Kerr rotation was observed for the C-type spin order. This conclusion requires that the on-site magnetic moment in the G-type orbital order be reduced from 2 B to 1.1 B , 4 not due to the orbital magnetic moment, but due to a mixture of S z ϭ1 and S z ϭ0
3 T 1g states, in agreement with the conclusion obtained in the previous section.
VI. CONCLUSIONS
The analysis of the YVO 3 phonon spectra revealed three different phases. The orthorhombic Pbnm structure exists down to 200 K. At 200 K there is a second-order phase transition to a lower-symmetry structure. The orthorhombic Pbnm crystal symmetry is restored through a first-order phase transition below 74 K. The most probable structure in the intermediate phase is the monoclinic Pb11, where the VO 6 octahedra form a dimerized chain along the c axis. Nevertheless, the possibility of a triclinic P1 symmetry cannot be excluded completely.
YVO 3 is a Mott-Hubbard insulator with an optical gap of 1.6 eV. There are three optical bands with energies 1.8, 2.4, and 3.3 eV, which we identify with the intervanadium transitions from the 3 T 1g ground state to the 4 A 2g , 2 E g ϩ 2 T 1g , and 2 T 2g states. These d-d excitations are followed by the charge-transfer transitions at 4 eV. The band gap structure is in agreement with the LSDAϩU calculations. The d bands revealed a strong temperature dependence. Using a model which includes only the nearest-neighbor transitions, we found that the observed temperature dependence disagrees with the simple antiferromagnetic spin ordering. This indicates that orbital ordering phenomena are responsible for the observed temperature variations. However, the commonly considered ͉xy,xz͉/͉xy,yz͉ orbital order seems also inconsistent with our data, if we assume a fully polarized on-site state.
We observed two types of magneto-optical effects. A small net magnetic moment due to the uncompensated spin moments induces a weak Kerr rotation of the order of ϳ0.01°. The effect exists in all phases below the magnetic ordering temperature and for all active optical transitions. A strong Kerr effect appears as a consequence of the low crys-tallographic symmetry and ferromagnetic ordering of the orbital magnetic moments. A Kerr rotation of the order of ϳ0.1°was found in the low-temperature phase for the highest d-d transition band. It follows from symmetry considerations that the spin magnetic moment is aligned along the c axis in both magnetic structures. However, this conclusion for the C-type AFM spin arrangement can be affected by the accompanying orbital order.
